Objective: This study was to assess the influence of interaction of combination of immobilized nitrogen cycling bacteria (INCB) with aquatic macrophytes on nitrogen removal from the eutrophic waterbody, and to get insight into different mechanisms involved in nitrogen removal. Methods: The aquatic macrophytes used include Eichhornia crassipes (summer-autumn floating macrophyte), Elodea nuttallii (winter-growing submerged macrophyte), and nitrogen cycling bacteria including ammonifying, nitrosating, nitrifying and denitrifying bacteria isolated from Taihu Lake. The immobilization carriers materials were made from hydrophilic monomers 2-hydroxyethyl acrylate (HEA) and hydrophobic 2-hydroxyethyl methylacrylate (HEMA). Two experiments were conducted to evaluate the roles of macrophytes combined with INCB on nitrogen removal from eutrophic water during different seasons. Results: Eichhornia crassipes and Elodea nuttallii had different potentials in purification of eutrophic water. Floating macrophyte+bacteria (INCB) performed best in improving water quality (during the first experiment) and decreased total nitrogen (TN) by 70.2%, nitrite and ammonium by 92.2% and 50.9%, respectively, during the experimental period, when water transparency increased from 0.5 m to 1.8 m. When INCB was inoculated into the floating macrophyte system, the populations of nitrosating, nitrifying, and denitrifying bacteria increased by 1 to 2 orders of magnitude compared to the un-inoculated treatments, but ammonifying bacteria showed no obvious difference between different treatments. Lower values of chlorophyll a, COD Mn , and pH were found in the microbial-plant integrated system, as compared to the control. Highest reduction in N was noted during the treatment with submerged macrophyte+INCB, being 26.1% for TN, 85.2% for nitrite, and 85.2% for ammonium at the end of 2nd experiment. And in the treatment, the populations of ammonifying, nitrosating, nitrifying, and denitrifying bacteria increased by 1 to 3 orders of magnitude, as compared to the un-inoculated treatments. Similar to the first experiment, higher water transparency and lower values of chlorophyll a, COD Mn and pH were observed in the plant+ INCB integrated system, as compared to other treatments. These results indicated that plant-microbe interaction showed beneficial effects on N removal from the eutrophic waterbody.
INTRODUCTION
Water eutrophication in the surface water system resulted in negative environmental effects in recent years, due to rapid industrialization, urbanization, and population growth. One of the major stresses comes from the excessive input of macronutrients (especially nitrogen and phosphorus) causing a change in the trophic status of a given waterbody and leading to eutrophication. Eutrophic conditions are typically found in relatively shallow (<10 m depth) freshwater ponds, lakes and reservoirs where anthropogenic influence is high. One of major problems was caused by nitrogen compounds.
Aquatic ecosystems play a major role in returning N 2 gas back to the atmosphere by bacteria-mediated processes of nitrification and denitrification (Matulewich and Finstein, 1978; Northup et al., 1995) . Most aquatic ecosystems, including natural wetlands, have relatively poor inefficiency rates of producing N 2 gas, because of the low growth rates of nitrifying and denitrifying bacteria. Such low growth may be improved by inoculation of aquatic ecosystems with these bacteria immobilized on a carrier.
Phytoremediation is one of most promising biotechnologies to reduce trophic water remediation costs. Effective removal of nutrients by floating aquatic macrophyte (Eichhornia crassipes) has been reported for treatment of dairy manure wastewater (Sooknah and Wilkie, 2004) , domestic wastewater (Kim et al., 2006) , industrial wastewater (Ntengwe, 2005) . Eichhornia crassipes is the fast-growing floating macrophyte with outstanding ability to purify polluted water, but can grow only from spring to autumn (May to November in northern latitudes). When this floating macrophyte is harvested, different aquatic plant species (e.g., submerged macrophytes that can grow in winter) are required to maintain the water quality. Submerged macrophytes are very important to many aquatic ecosystems such as estuaries (Neundorfer and Kemp, 1993; Herbert, 1999) and lakes (Kufel and Ozimek, 1994; van Donk and van de Bund, 2002) . Widespread reduction of submerged macrophytes has been reported over the past several decades (Livingston et al., 1998; Seddon et al., 2000) . This reduction can be related to decline of water transparency by suspended particles and phytoplankton, and excessive nutrient loading (Jeppesen et al., 1991; Lauridsen et al., 1994) . Elodea nuttallii is a submerged aquatic plant species inhabiting freshwaters. As an ever-green submerged macrophyte, it can grow in the winter season. This species had been used previously in water purifications studies (Wu, 2003; Yang et al., 2003; Li, 1997; Eighmy and Bishop, 1989) . However, little information is available on the relationship between aquatic plants and nitrogen-cycling bacteria in in-situ N removal from eutrophic water.
In the present study, we used immobilized nitrogen-cycling bacteria combined with floating and submerged macrophytes to determine the roles of these bacteria with or without macrophytes in nitrogen removal, and to measure the effectiveness of various microbe-plant systems in removing N from eutrophic water.
MATERIALS AND METHODS

Experimental sites
The experiment was set up in Hua-Jia-Chi pool (120°11′ E, 30°16′ N) situated in Hangzhou City, Zhejiang Province, China. This is a rectangular reservoir with total area of 53360 m 2 and average depth of approximately 1.2 m.
Materials
Floating macrophyte
Eichhornia crassipes (Mart.) Solms-Laub was collected close to the experimental site and introduced into the treatment enclosures (1000 kg to each plot).
2. Submerged macrophyte Elodea nuttallii (10 kg to each plot) was collected from Taihu lake, China (119°54′~120°36′ N, 30°56′~31°33′ E) and introduced into treatment enclosures.
3. Nitrogen cycling bacteria Ammonifying, nitrosating, nitrifying and denitrifying bacteria were prepared according to the methods of Matulewich and Finstein (1978) and Li et al.(1996) . We have previously immobilized nitrogen-cycling bacteria using the carrier in which is included four bacterial communities of ammonifying, nitrosating, nitrifying and denitrifying bacteria to treat eutrophic water (Li and Pu, 2001a) . The four bacteria communities were separated from Taihu wastewater and inoculated into relevant media with adjusted pH described by Li and Pu (2000) , and incubated about 30 d for nitrosating and nitrifying bacteria and 15 d for denitrifying and ammonifying bacteria at 28 °C. Cell suspension at density of OD 600 =0.5 was centrifugated at 4000 r/min for 20 min at 4 °C and then kept at 4 °C for use. The four communities mainly include: Bacillus subtilis, Pseudomons fluorescens, Nitrosococcus, Nitrosomonos, Nitrobacter, Nitrococcus, Pseudomonas denitificans, Chromo bacterium denitrificans.
Methods
Cell immobilization
Carrier made by hydrophilic monomers 2-hydroxyethyl acrylate (HEA) and hydrophobic 2-hydroxyethyl methylacrylate (HEMA), fully mixed at certain ratio was added into the distilled water, by charging nitrogen into the four mixtures at −78 °C, using 60 Co-γ (1×10 4 Gy) radiated to form the polymer, then cutted into 0.5 cm×0.5 cm immobilized carrier, dipped in distilled water for one week, and sterilized for 30 min at 1.03×10 5 Pa, so that four carriers could be made (Li and Pu, 2001b) 
Sampling and analyses
Water samples were taken at depth of 0.5 m below the water surface, stored at 4 °C and analyzed for TN, NH 4 -N and NO 2 -N within a day. Samples were collected every 10 d in the first experiment and every 20 d in the second experiment, respectively. Water samples analysis followed the procedures described by Wei et al.(2002) . All analyses were conducted in triplicates. Samples were oxidized with potassium peroxodisulphate followed by ultra-colorimetric determination for TN. NH 4 -N was analyzed by indophenol blue colorimetry, and NO 2 -N by N-ethylenediamine colorimetry. The concentration of chemical oxygen demand (COD Mn ) was analyzed according to GB11892-89 in China. Chlorophyll a was determined colorimetrically. The numbers of four types of nitrogen-cycling bacterial communities were determined using the most probable number method (MPN) (Smith et al., 1968) .
Statistical analysis
The data were subjected to one-way analysis of variance (ANOVA). Comparisons of means of parameters were performed with least significant difference (LSD) test.
RESULTS
Effects on the concentration of different nitrogen forms in eutrophic water
The results showed that Eichhornia crassipes, Elodea nuttallii and INCB bacteria significantly affected the concentration of different nitrogen forms in eutrophic water (Fig.1) . Content of TN in the treatments of floating macrophyte+bacteria and floating macrophyte decreased by 66.60% and 70.21%, respectively, which reached significant difference (P<0.05) as compared to that in the control at the last sampling date (Fig.1a) , The maximum reduction in TN (77.74%) occurred during the floating macrophyte+bacteria treatment on day 30 in the first experiment. Similarly, in winter season, TN was decreased most by submerged macrophyte+bacteria treatment, followed by macrophyte and bacteria treatment, least in the control. The corresponding values were 26.10%, 24.60%, 10.34% and 7.07%, respectively, by the end of the experiment (Fig.1b) . These results suggested that macrophytes combined with bacteria the most effective way for removing TN from eutrophic water. The treatments with both floating macrophyte+ bacteria and submerged macrophyte+bacteria resulted in lowest concentration of nitrite and ammonium in the eutrophic water (Fig.1) . The concentration of nitrite with Eichhornia crassipes was significantly lower than that of the control during the experiment, but significant difference (P<0.05) in nitrite reduction was not observed between the treatments of Eichhornia crassipes (91.47%) and Eichhornia crassipes+bacteria (92.21%) (Fig.1a) . The concentration of nitrite changed in the order: control>bacteria> submerged macrophyte>submerged macrophyte+ bacteria (Fig.1b) , and the nitrite reduction changed by 62.79%, 63.36%, 80.42%, 85.23%, respectively. Significant difference was observed between the control and other treatments, except for between the control and bacteria treatment at day 80 and 100. The lower nitrite in bacteria than the control may contribute to the inoculation INCB, which promoted oxidation of nitrite to nitrate and through denitrification to produce N 2 gas.
Macrophytes, bacteria and their combination decreased the content of ammonium in eutrophic water (Fig.1) . The content of ammonium in the treatments with floating macrophyte and floating macrophyte+bacteria was significantly lower than the control in the first experiment, with the reduction in ammonia being 28.5% and 50.9%, respectively, on final day. However, ammonium concentration in the control increased for 1.4~4.6 folds during 100-day experiment period as compared to the initial value (0.15 mg/L) (Fig.1a) . Treatment with submerged macrophyte+bacteria significantly decreased ammonium by 80.01% at the final sampling date. Significant difference (P<0.05) in reducing ammonium was observed between submerged macrophyte+bacteria and other treatments. Similarly, the concentration of ammonium in the second experiment changed in the order: control>bacterial>submerged macrophyte> submerged macrophyte+bacteria. These results showed that macrophyte and inoculated INCB could accelerate ammonium removal from eutrophic water.
Effects on the population size of nitrogen-cycling bacteria in eutrophic water
The number of ammonifying bacteria changed from 10 5 to 10 7 per milliliter in first experiment (Fig.2a) , and fluctuated between 10 3.5 and 10 5 per milliliter (Fig.2b) twice from day 10 to 30, and then decreased slightly in the first experiment (Fig.2a) . The ammonifying bacteria population, minimized at day 60 in all treatments, and then increased in the second experiment (Fig.2b) . Since the populations of ammonifying bacteria kept higher than other populations in the waterbody, and a large number of these heterotrophic bacteria easily dominated the population in the environment. No obvious effect was observed with inoculation of INCB bacteria during the period of experiment (Figs.2a and 2b) , and different treatments did not reveal significant difference (P<0.05).
The number of nitrosating bacteria was obviously greater (by about one order of magnitude) in Eichhornia crassipes+bacteria treatment than in other treatments (Fig.2a) . Nitrosating bacteria increased steadily from the beginning of the experiment and maximized at day 30 in treatment with Eichhornia crassipes. The treatment with submerged macrophyte+bacteria significantly increased nitrosating by two orders of magnitude compared with the control. The nitrosating bacteria decreased in the order: submerged macrophyte+bacteria>bacteria>submerged macrophyte>control (Fig.2b) . Nitrosating bacteria in three treatments revealed significant (P<0.05) variation compared to the control in the second experiment.
Nitrifying bacteria increased with time, and maximized at day 30, then declined at day 40, and increased again at day 50 in the first experiment (Fig.3a) . The number of nitrifying bacteria in the Eichhornia crassipes+bacterial treatment was about one and half orders of magnitude higher than that in the control during the experiment. Analysis of variance revealed significant (P<0.05) difference between submerged macrophyte+bacteria treatment and other treatments for the nitrifying bacteria, and there was about three-fold greater number of nitrifying bacteria in macrophyte+bacteria system compared to control. Bacteria treatment always had more nitrifying bacteria than the treatment only with submerged macrophyte on day 60 (Fig.3b) . The numbers of nitrifying bacteria followed the order: submerged macrophyte+bacteria>bacteria>submerged macrophyte>control, and macrophyte+bacteria in the second experiment.
The number of denitrifying bacteria decreased in the order: Eichhornia crassipes+bacterial>Eichhornia crassipes>control, with about one order of magnitude difference between the plant-microbe system and the control (Fig.3a) . On day 80, the submerged macrophyte treatment had more denitrifying bacteria than inoculated bacteria treatment. At other sampling times, denitrifying bacteria decreased in the order: submerged macrophyte+bacteria>bacteria>submerged macrophyte>control in the second experiment (Fig.3b) . The number of denitrifying bacteria fluctuated from 10 2.5 to around 10 5 per milliliter during the first experiment and from 10 1 to 10 3.5 per millilitre during the second experiment.
Effects on chlorophyll a, COD Mn in eutrophic water
In the first experiment, there was significant (P<0.05) variation between different treatments Eichhornia crassipes treatments with or without bacterial inoculation and control in chlorophyll a, and COD Mn . Concentration of chlorophyll a in the control was 2 to 10 times that of other two treatments (Fig.4a) . Higher COD Mn was found for the control also in comparison with the other two treatment at all sampling times except for the first sampling time (Fig.4a) . In the second experiment, we found COD Mn in the control was 2~3 folds that in other treatments, especially Elodea nuttallii+bacterial (Fig.4b) . As the submerged macrophyte, Elodea nuttallii and algae had different niches, the macrophyte could not dramatically decrease the chlorophyll a concentration. But COD Mn could promote microorganism growth as carbon source. In addition, microbe could change COD Mn into H 2 O and CO 2 through metabolization.
Effects on water transparency and pH in eutrophic water
Alkalinity reduction and transparency increase were observed in macrophytes systems. Transparency in the treatment with macrophyte was about 5 times that in the control at the end of the experiment (Fig.5a ). The transparency level in the control was only 0.4~0.6 m during experiment, but that with floating macrophyte+bacteria increased up to 1.8 m.
With the floating macrophyte (Eichhornia crassipes), pH kept below 7.2 and became lowest on day 20 (Fig.5a ), whereas pH values were 6.73 and 6.58 in the treatments with Eichhornia crassipes and Eichhornia crassipes+bacteria respectively. Treatment with submerged macrophyte+bacteria produced higher 
Chlorophyll a (µg/L) transparency and lower pH than in other three treatments at all sampling times (Fig.5b) .
Effects on fresh biomass production and nitrogen removal at the end of experiment The fresh biomass production and nitrogen removal by macrophytes are shown in Fig.6 . Higher fresh matter production (18.21 kg/m 2 ) and nitrogen removal (9.43 mg/m 2 ) were found in the treatment with floating macrophyte+INCB in the first experiment submerged macrophyte with INCB achieved higher fresh matter production (11.52 kg/m 2 ) and greater nitrogen removal (7.71 mg/m 2 ) compared to the treatment with submerged macrophyte alone.
DISCUSSION
Immobilization of support gel is one way to maintain high cell density and prevent washout, at the same time aerobic surface and anaerobic subsurface layers of the gel provide niches suitable for both aerobic nitrifiers and anaerobic denitrifiers (Cao et al., 2002; dos Santos et al., 1996) , and this method was used to remove nitrogen from eutrophic water (Chang et al., 2005) , seawater (Sakairi et al., 1996) and domestic wastewater (Takizawa et al., 1996) and proved to be a feasible way for removing nitrogen from wastewater. In addition, aquatic plants can also provide nutrient resources and attachment sites for these bacteria in microbial-plant integrated system. In our microbial-plant integrated systems, inoculation of INCB into the eutrophic water column could increase by 1 to 2 orders of magnitude compared to non-inoculated control, and the combination with macrophyte resulted in greater increase in these bacteria. These bacteria can distribute in different habitats: sediments, macrophyte and waterbody (Körner, 1999; Matulewich and Finstein, 1978) . So the abundance of INCB in different habitats need further study.
Nitrogen removal through plant-micro integrated system has been reported by some scholars ( Körner and Vermaat, 1998; Brix, 1994) . Plant uptake is often regarded as a major nitrogen removal mechanism. Aquatic macrophytes can acquire nitrogen from both the sediment and the water column (Rattray et al., 1991) . They provide attachment surfaces for bacteria colonization, the nitrifiers can utilize photosynthetically derived O 2 to oxidize ammonium to nitrate. Dark plant respiration can then reduce dissolved oxygen (DO) levels in the reactors to promote denitrifier activity which can convert nitrate to nitric oxide, nitrous oxide or molecular nitrogen and cause these gases to efflux from the system (Eighmy and Bishop, 1989) . But in site plant-micro integrated system, different macrophytes may have different effects on the distribution of the nitrifiers and denitrifier.
In our results two macrophytes significantly decreased nitrogen concentration, more TN could be removed by combining macrophytes with INCB. The main reason was Eichhornia crassipes and Elodea nuttallii could directly uptake ammonium as a nitrogen source for protein synthesis and subsequent production of biomass. Uptake was the most important factor affecting the total nitrogen decrease. Inoculating INCB into the water system also promoted the cycling of nitrogen, the interaction between bacteria and macrophyte benefited nutrient absorption from water systems, so when combined with INCB there was more production than that only by macrophyte treatment. In our two plant-microbial systems, volatilization of ammonia was thought to be a minor mechanism because the pH levels in the water column were almost lower than the pKa of ammonium (9.3). We can draw the conclusion from the results of two experiments that harvesting these macrophytes from water system in time was needed because too much macrophyte grown in water system will not benefit the nitrogen removal.
When Eichhornia crassipes combined with nitrogen cycling bacteria inoculation provided additional benefit in terms of capacity to remove nitrogen and decrease concentrations of ammonium and nitrite. However, the importance of inoculation with nitrogen-cycling bacteria is somewhat greater in combination with Elodea nuttallii. The reason for such a difference may be due to the cold period in which Elodea nuttallii was grown, which might have decreased its growth and metabolic capacity, hence allowing the contribution to purifying eutrophic water by nitrogen cycling bacteria to become more pronounced. Even though inoculation of nitrogen-cycling bacteria in the present study was carried out continuously to improve their competitive ability, with respect to the well-adapted indigenous bacterial populations, the effect of INCB inoculation was relatively small.
The macrophytes in aquatic system suppress algae growth through their competition for nutrient or secreted some substances inhibiting algae growth, INCB combined with Eichhornia crassipes and Elodea nuttallii reduced nutrient more than the control, so there was lower chlorophyll a concentration. The degradation of pollutants (COD Mn ) is mainly attributed to microorganisms which may establish a symbiotic relationship with the plants and filtration through macrophytes in the aquatic cultures also can reduce COD Mn . In our microbial-plant integrated system, the roots of Eichhornia crassipes and Elodea nuttallii may provide more favorable conditions for bacteria to establish themselves in the plant cultures compared to the control. The higher pH level in the control most probably resulted from the consumption of carbonate during algal photosynthesis. Eichhornia crassipes and Elodea nuttallii exudating organic acid also lead to lower pH.
The first experiment (conducted with Eichhornia crassipes during the warm season of the year) was more effective in improving the quality of eutrophic water compared to the second experiment (using Elodea nuttallii grown during winter-spring period). However, such results may not mean that there was an inherent difference in the capacity to remove nitrogen from eutrophic water between the two macrophytes species, because the difference in the ambient water temperature could have been the main factor. However, testing these two plant species under identical temperature conditions in the controlled environment is not recommended, due to their differential temperature requirement. Despite observed differences between the plant species, we concluded that both macrophytes tested are effective in purifying eutrophic water. Further field testing with joint inoculation of the two species and monitoring over several years is needed before conclusions can be reached on the effectiveness of this plant-based year-round water purification system.
Compared to nitrogen removal, there was no significant difference (P<0.05) between macrophyte and macrophyte+bacteria treatments from the two experiments results, though inoculated nitrogen cycling bacteria increased more nitrogen removal. So in the in-situ nitrogen removal process, macrophytes play a more important role than nitrogen cycling bacteria. We need to combine them to achieve better effectiveness. Though inoculated frequently, the number of four communities did not increase persistently, and was of a relatively low magnitude. So further work is needed to clarify the relationship between nitrogen-cycling bacteria and aquatic macrophytes, and take into account the natural abundance of nitrogen cycling bacteria and their dynamics in eutrophic water during the year.
